Efforts to identify host determinants for malaria have been hindered by the absence of a nucleus in erythrocytes, which precludes genetic manipulation in the cell in which the parasite replicates. We used cultured red blood cells derived from hematopoietic stem cells to carry out a forward genetic screen for Plasmodium falciparum host determinants. We found that CD55 is an essential host factor for P. falciparum invasion. CD55-null erythrocytes were refractory to invasion by all isolates of P. falciparum because parasites failed to attach properly to the erythrocyte surface. Thus, CD55 is an attractive target for the development of malaria therapeutics. Hematopoietic stem cell-based forward genetic screens may be valuable for the identification of additional host determinants of malaria pathogenesis.
S
evere malaria is caused by Plasmodium falciparum and is one of the leading causes of mortality among children globally (1) . During infection, parasites invade and replicate within human erythrocytes (2) . Host erythrocyte polymorphisms that confer resistance to severe malaria have been identified with epidemiologic approaches (3, 4) . Genome-wide association studies have searched for host determinants of malaria, but functional validation in the erythrocyte remains challenging owing to the absence of a nucleus (5) (6) (7) . Recent advances in the ex vivo production of erythrocytes now enable generation of genetically altered cells that support P. falciparum infection (8) (9) (10) (11) . Here, we used ex vivo-cultured red blood cells (cRBCs) in a forward genetic screen in order to identify host determinants of malaria infection.
The human erythrocyte is a terminally differentiated minimal cell that lacks organelles and a nucleus and has a small proteome (12) . To identify erythrocyte proteins that influence P. falciparum infection, we designed a screening strategy involving RNA interference (RNAi)-based knockdown of gene expression in hematopoietic progenitor cells, induction of ex vivo erythropoiesis, and last, infection of terminally differentiated erythroblasts with P. falciparum. Because gene knockdowns that affect erythroid development could have potent yet nonspecific effects on parasites in this approach, we first screened the erythrocyte proteome so as to identify genes that influence HNRNPK  BCL2L1  TUBA1C  PL-5283  GPBP1L1  ALAS2  CCT7  SLC12A4  UROD  ATP6AP2  PSMD3  SLC25A37   KPNB1  SULT1A4  PDZK1IP1   ISG15  FECH   SLC14A1  ST13  ADSL  PSMA4  BPGM  YOD1  RAB21 (Fig. 1A,  fig. S1A , and data set S1). CD34 + hematopoietic stem cells (HSCs) were transduced with our pooled erythrocyte proteome short hairpin RNA (shRNA) library and induced to proliferate and differentiate to the orthochromatic erythroblast stage (when parasite infection can occur) (13) . After 19 days, we quantified each shRNA in the surviving orthochromatic erythroblasts relative to the original library, with the prediction that shRNAs underrepresented in the differentiated erythroblasts would target genes important for erythropoiesis.
The erythropoiesis screen yielded sufficient cells for full coverage of the library (>1500 cells per shRNA) ( fig. S1B ) (14) , and deep sequencing of shRNA proviruses isolated from the terminally differentiated erythroid cells revealed a normal distribution ( fig. S1C ). Of shRNAs, 4.4% were depleted more than 50% in day-19 cRBCs relative to the original library pool, whereas 2% were enriched (Fig. 1B) , indicating that these shRNAs can influence erythropoiesis. We ranked genes according to the depletion or enrichment of multiple shRNAs (15) and identified 116 candidates that grouped into categories relevant to terminal erythroid differentiation, including heme metabolism, protein turnover, and apoptosis (Fig. 1C , figs. S1D and S2, and data sets S2 and S3). We validated four top hits ( fig. S3 and data set S4). This functional analysis of erythropoiesis provides a framework with which to study host determinants of malaria infection.
To identify factors that influence host susceptibility to P. falciparum infection, we chose to focus on a small subset of the erythrocyte proteome: 42 genes encoding human blood groups. All known P. falciparum receptors fall within this group, and the shRNAs targeting these genes did not appear to affect erythroid development (Fig. 1D) . Also, focusing on a small gene set increased the sensitivity to a level required for the inherently complex parasite screen (16) .
We transduced hematopoietic progenitor cells (HPCs) with a pooled lentivirus shRNA library targeting the blood group genes ( Fig. 2A) . At the late orthochromatic erythroblast stage, we infected the knockdown cells with a green fluorescent protein (GFP)-expressing line of P. falciparum strain 3D7. We isolated the parasitized cells and quantified the relative abundance of each shRNA in the population by means of deep sequencing ( fig. S4 ). In parallel, we quantified the abundance of each shRNA in a control population of knockdown cRBCs not exposed to parasites. Hairpins 
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Gene Rank > 20   A4GALT  ABCB6  ABCG2  ABO  ACHE  AQP1  AQP3  ART4  B3GALNT1  BCAM  BSG  C1GALT1  C1GALT1C1  CD151  CD44  CD55  CD99  CR1  DARC  ERMAP  FUT1  FUT2  FUT3  FUT6  FUT7  GCNT2  GYP A  GYPB  GYPC  GYPE  ICAM4  KEL  Luciferase  RHAG  RHCE  RHD  SEC1  SEMA7A  SLC14A1  SLC4A1  ST8SIA6  XG underrepresented in infected cells compared with control cells were considered hits because they may target host genes required for efficient parasite infection. We ranked candidates from three replicates (Fig. 2B and data set S5) (15) . Among the highly ranked genes were basigin (BSG) and CR1, both of which have described roles in P. falciparum invasion (17) (18) (19) . The top-ranked candidate was CD55, also known as decay-accelerating factor (DAF), which carries the Cromer blood group antigens. CD55 is a glycosylphosphatidylinositollinked complement-regulatory protein that protects cells from lysis by complement (20) . On epithelial cells, CD55 is a receptor for bacterial and viral pathogens (21) (22) (23) . Another hit, CD44, defines the Indian blood group and facilitates keratinocyte invasion by group A Streptococcus (24, 25) .
For validation, we expressed individual shRNAs targeting CD44 and CD55 in HPCs so as to generate mature red blood cells deficient in CD44 or CD55 (Fig. 3A) . Morphological development of the knockdown cells was indistinguishable from control cRBCs (Fig. 3B ), as were levels of Band 3, CD49d, and CD71 ( fig. S5) (26) . To determine whether the amount of CD44 or CD55 on red blood cells influences P. falciparum infection, we assessed parasite invasion into the knockdown cRBCs compared with control cRBCs. We observed 30% reduction in parasitemia in cells deficient for either CD44 or CD55 relative to control cRBCs (Fig. 3C) . The same trend was observed by using alternative shRNAs for CD44 and CD55, suggesting that the results were not because of off-target effects of the shRNAs (fig. S6 ). Levels of known P. falciparum receptors were unchanged in CD44-and CD55-deficient cRBCs, which suggests that the observed effects on invasion were directly attributable to CD44 and CD55 ( fig. S7 ).
Complete absence of Cromer blood group antigens is rare and has been described in nine individuals with the Inab phenotype, most of whom have stop codons in the CD55 coding sequence (20) . Cells from Inab individuals have normal osmotic fragility, do not undergo hemolysis in vivo, and are not particularly susceptible to complementmediated lysis (27, 28) . We used mature erythrocytes from a Japanese patient with the Inab phenotype (termed CD55-null cells) (29) to test whether CD55 has an essential role for P. falciparum invasion. To first characterize any inherent differences between the CD55-null and wild-type (WT) control samples, we adapted plasma membrane profiling (PMP) using tandem mass tag-based mass spectrometry for use in erythrocytes (30) . CD55 was SCIENCE sciencemag.org S10 ). Attachment to controls at T1 was 3.6 to 5.3%. Mean T SD, n = 2 biological replicates. 20,000 cells scored per well by means of flow cytometry. Table 1 . Geographic distribution of CD55* coding variants as percent of population, from the 1000 Genomes Project, phase I. CD55 isoform ENST00000367064 (DAF-2). R52L  L82R Y133H A227P I231V V333I G354A G372E ISBT †
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absent from the Inab erythrocytes (Fig. 4A) . Only two other notable differences were found between the CD55-null and WT cells: a 75% reduction in CR1, which is well within the range of natural variation (19) , and a similar reduction in C4BPA, a serum protein that binds to complement regulatory proteins. Only a weak association has been observed between parasite invasion efficiency and natural variation in CR1 levels, and only when all sialylated proteins have been removed from the cell surface (18, 19) .
To determine the contribution of CD55 to P. falciparum infection in mature erythrocytes, we used the CD55-null cells in invasion assays. The CD55-null erythrocytes were refractory to invasion by P. falciparum strain 3D7, which suggests that host CD55 is essential for parasite infection (Fig. 4B) . This finding suggests that the reduced but substantial parasitemia observed in the cells in which CD55 was knocked down depended on residual CD55. The CD55-null cells were similarly nonsusceptible to invasion by additional laboratoryadapted P. falciparum strains, including the CR1-independent W2mef line (Fig. 4C) . Parasite invasion was also significantly impaired in erythrocytes from a second, unrelated Inab patient with a different genetic basis for the condition ( fig. S8A) (31) . Proliferation of parasites was also diminished in these Inab cells ( fig. S8B ), which suggests that CD55 would be required to support a productive malaria infection.
Besides laboratory-adapted strains, several clinical isolates of P. falciparum from Senegalese patients were also dependent on CD55 for invasion (Fig. 4D) , providing additional evidence that CD55 is likely a critical host factor for all P. falciparum strains. In contrast to P. falciparum, the zoonotic human malaria parasite P. knowlesi invaded CD55-null and WT erythrocytes with similar efficiency (Fig. 4B) . Thus, CD55 on human erythrocytes may interact with a parasite ligand specific to P. falciparum that is not expressed by other malaria parasites. Deletion of known invasion ligands (EBA140, EBA175, EBA181, RH1, RH2a, or RH2b) did not enable parasite invasion in the absence of CD55 ( fig. S9) .
To determine whether CD55 is involved in attachment of P. falciparum to the erythrocyte or at a later stage of the invasion process, we used cytochalasin D to enable isolation of cells with parasites adhered to the outer surface (32) . Initially, attachment of P. falciparum merozoites was similar for the CD55-null and WT cells, but over time, parasites selectively detached from the cells lacking CD55, mirroring the invasion defect (Fig.  4E) . Thus, CD55 may not be required for the primary interaction of merozoites with the RBC surface, but instead be critical for the stage of committed, irreversible attachment seen during formation of the tight junction (33) .
Our results reveal an essential role for CD55 in P. falciparum invasion of human red blood cells. Levels of CD55 vary dynamically during clinical malaria and may influence the course of infection (34) . Moreover, we identified two CD55 polymorphisms significantly enriched in persons with ancestral exposure to malaria (Table 1 ) (35), both of which have been previously described almost exclusively in individuals of African descent (20) .
The existence of hematologically normal individuals completely lacking CD55 suggests that targeting CD55 on erythrocytes would not elicit substantial toxicity. In light of its critical role in parasite infection, CD55 could serve as an attractive target for the development of malaria therapeutics. Aside from CD55, the only other known straintranscendent receptor for P. falciparum, basigin, binds to RH5, which is a leading malaria vaccine candidate (17, 36, 37) . Our studies also establish the feasibility of forward genetic cellular screening by use of cultured erythrocytes derived from HSCs to identify critical host determinants of P. falciparum malaria biology and pathogenesis.
